Citrus pectin and other uronic acids (polygalacturonate, alginate and galacturonate) accelerated encystment and germination in suspensions of Phytophthora palmivora zoospores. Other anions, polyanions and polysaccharides containing a( 1 4 ) linkages were not effective in this respect.
INTRODUCTION
Zoospores of the Oomycetes, including Phytophthora spp. are cells which serve both a multiplicative and a dispersive function. Under many circumstances, they are the main means of infecting new hosts. The mechanism by which these motile cells recognize the surface of a potential host and the way in which this recognition results in differentiation of the zoospore to an infective germling remain unknown.
It was recently shown that pectin and the high molecular weight soluble polysaccharides present on plant root surfaces induced rapid encystment and germination of Phytophthora cinnamomi zoospores swimming in water or dilute salt solution (Byrt et al., 1982b; Irving & Grant, 1984~) . This suggested that pectin-like materials present on the root surface may act as the recognition signal which results in encystment in this species.
Those species of Phytophthora, such as P. cinnamomi, that produce only low concentrations of zoospores are of limited value in investigation of zoospore differentiation at the biochemical level. P . palmivora, which can be induced to form abundant sporangia, is more useful; zoospore concentrations as high as lo7 ml-* having been obtained (Tokunaga & Bartnicki-Garcia, 1971) . Although the biology of this species is well known, and in particular the cytology of the zoospore and cyst well documented (Hemmes, 1983 ; Bartnicki-Garcia, 1981) , there have been relatively few studies of the physiology and biochemistry of zoospore differentiation since the work of Bimpong (Bimpong, 1975; Bimpong & Clerk, 1970; Bimpong & Hickman, 1975; Bartnicki-Garcia & Wang, 1983) .
We have extended the studies made with Phytophthora cinnamomi zoospores to P . palmivora. We show that P . palmivora zoospores also encyst and germinate in the presence of pectin, or structurally related carbohydrates containing uronic acids. This induction of encystment and germination is repressed if the external Ca2+ concentration exceeds 100 p~. We propose that P . palmivora zoospores contain specific uronate receptors which allow them to sense the proximity of a plant cell surface. 
METHODS
Organism and culture. The isolate of Phyrophrhorapalmiuora (Butl) Butl. used was provided by Dr S. Bartnicki-Garcia. Its history has been described elsewhere (Tokunaga & Bartnicki-Garcia, 1971 ). The isolate is lodged under the American Type Culture Collection as ATCC 26286. The fungus was grown routinely on V-8 agar Petri plates containing CaCO, (Byrt & Grant, 1979) at 26-5 f 1 "C.
Prepararion ofzoospore suspensions. Sporangial formation was induced by transferring 4-d old cultures into light, and incubating them for a further 3 d. Zoospore release was initiated by chilling the plates in crushed ice and brushing off the deciduous sporangia into water or 1 mM-BES buffer, pH 6.8, at 24 "C. Zoospore release began within 15 min of commencement of chilling and was almost completed by 20 min. Full details of the method are given elsewhere (Grant era/., 1984) . Sporangia brushed from a 9 cm Petri plate yielded 1-2 x lo7 motile zoospores. After release and filtration through Whatman 41 or 541 paper to remove sporangial cases and mycelial fragments a sample of the suspension was removed, fixed in 2% (v/v) neutralized glutaraldehyde, and zoospores counted on an haemocytometer. If necessary the suspension was diluted to 1-2 x lo6 cellsml-I. The activity of Ca2+ in the suspension was measured with a calcium-sensitive electrode (Radiometer), calibrated against calcium standards in 10 mM-NaC1 or BES buffer pH 6-8. If Ca'+ activity exceeded 30 p~, it was decreased by titration with EGTA in 1 mM-BES buffer pH 6.8. The Ca'+ activity resulting from the brushing of a single plate into 10 ml of buffer or water was, however, normally less than 20 p~. When zoospores were released into distilled water, the pH of the resulting suspension was between 6.6 and 7.1. There was no observable difference between zoospores released into water and those released into 1 mM-BES buffer. This buffer was used as it had little effect on P. cinnamomi zoospores (Byrt, 1980) and is reported to have negligible calcium-chelating capacity (Good et a/., 1966) .
Bioassay. The capacity to induce encystment and germination was tested using plastic tissue culture trays, with suspensions of 0.5-2.0 x I O5 cells ml-]. Suspensions were examined using an inverted microscope ( x 200) and a qualitative assessment of the frequency of cell types made. The material was then fixed with 2% neutralized glutaraldehyde, and the percentage of each cell type present in the population determined by counting 200-300 cells. A minimum of 100 cells of each of the major cell types was included in each count. The precautions used in these assays have been described previously (Byrt el a/., 1982~). Cell types were identified using either an inverted microscope ( x 200) or with a phase-contrast microscope fitted with a saline immersion objective (~4 0 0 ) . Chemicals. BES was obtained from Hopkin and Williams (UK), all cations were supplied as chlorides and were of analytical reagent grades, while the glutaraldehyde was electron microscopic grade obtained from Merck. All other chemicals were obtained from Sigma, and were used without further purification except that pectin, from Citrus, containing 76% galacturonic acid and 7.5% methoxyl groups, was purified by dialysis against EDTA and then freeze dried. It then contained less than 1 pg calcium in 500 pg (Byrt et a/., 1982a) . The sodium alginate used was the high mannuronic acid type.
R E S U L T S

Pectin-induced encystment
Addition of pectin (500 pg ml-I) to a suspension of P . palmivora zoospores resulted in rapid, synchronous and almost complete encystment ( Fig. 1 ). At the time of application of the stimulus, the population contained more than 90% motile, elliptical zoospores. This remained so for 30 s but within 3 min fewer than 15% of the cells were motile and by 10min zoospores had disappeared from the population and were replaced by cysts. The transition stage of a rounded, wall-less cell was conspicuous between 1 and 3 min, but by 5 min made up only 5% of the population. These persisted over a 2 h period, and apparently were cells which failed to complete the transition to the cyst stage. Between 10 and 25min the population was made up almost completely of cysts but by 30 min, germination had begun, and was nearly complete by 80 min.
At 500 pg pectin ml-I the rate of encystment was essentially the same as that observed in populations in which the stimulus was a 20 s period of agitation in a vortex mixer (Fig. 2) ; see also Tokunaga & Bartnicki-Garcia (1971) . This rapid synchronous encystment was in marked contrast to the behaviour of non-stimulated populations, where zoospore numbers declined from > 90% to less than 5 % over a 2 h period, but more than 50% of the cells were still motile between 50 and 60min after their release from the sporangia. The germination of cysts formed from pectin-stimulated cells began earlier, and proceeded more rapidly than those which received no stimulus, and these in turn germinated more rapidly than shake-stimulated cells. However, over a period of several hours, high proportions (>SO%) of all cells germinated asynchronously, even when suspended in distilled water.
Pectin was most effective in terms of number of cells encysted within 20 minutes at a concentration of 200-250 pg ml-I ( Fig. 3 ). Even at 50 pg ml-I pectin, the percentageof cells Induced diflerentiation in P . palmivora 00 80 60 40 20 0.3 0.5 1 3 5 10 3050 100-Time after stimulus (min) Fig. I . Kinetics of encystment and germination of a population of P. palmii,oru zoospores following the addition of pectin at 500 pg ml-l in I mM-BES buffer (pH 6.8). Cell concentration was 1.4 x 10' cells ml-' and Ca2+ activity was 5 PM. The pectin was added 10 min after the zoospores had emerged from the sporangia. 0 , Motile, elliptical zoospores; A, round cells; 0 , cysts; 0, germlings. The data in this figure were obtained from a single sample for each time shown. In separate experiments (data not presented) the standard error of the mean of five replicates for the major cell type was between 2 and 5 % for populations not undergoing rapid change, and between 10 and 15% when the transition from zoospore to cyst or cyst to germling was taking place. 0.5 I 3 5 10 30 50 100 Time after stimulus (rnin) Fig. 2 . Comparison of the kinetics of encystment and germination in populations of pectin-stimulated and shake-stimulated cells with non-stimulated cells. The conditions were those described in Fig. 1 except that shake-stimulated cells were at a density of 1.8 x lo5 cells ml-' and Ca2+ was at 7 PM. The shake stimulus was 20s agitation on a vortex mixer. 0, Zoospores in non-stimulated populations; 0, zoospores in pectin-stimulated populations; A, zoospores in shake-stimulated populations. 0 , Germlings in non-stimulated populations; , germlings in pectin-treated populations; A, germlings in shake-stimulated populations. encysted at 20 min was significantly higher than in the control. There was no evidence of cell damage or of reduced viability at any concentration of pectin, and the germination percentages (80% and greater) were comparable with those observed when zoospores were incubated in V-8 broth. The germ tubes of pectin-stimulated germlings continued to extend over the entire period of observation (2 h) and at this time had a length of more than 10 times the cyst diameter.
Eflectiveness of various compounds in the acceleration of encystment and germination
Four classes of compound were tested for their effectiveness in the acceleration of encystment and germination. All compounds were tested initially at 500 pg ml-I. Acidic compounds were neutralized to pH 6.8 with NaOH. Of these compounds, only those containing uronate linkages were effective as inducers. In this class, none were more effective than pectin, and there were large differences in their relative effectiveness as inducers of encystment and germination.
Addition of polygalacturonic acid resulted in over 80% encystment within 5 min at 150 and 200pgml-1 (Fig. 4) . It was a poor inducer of germination, and only 20% germination was observed at 150 pg ml-l and above. At concentrations above 200 pg ml-l cells lysed rather than encysted. This lysis was rapid, and was distinguishable after 5 min incubation. Alginic acid was as effective an accelerator of encystment as pectin, giving maximum rates at concentrations of 150 pg ml-I. Alginic acid caused no obvious cell damage at 500 pg ml-l, but at concentrations above 100 pg ml-l, there was a reduction in the number of germlings forming after 90 min. It is not clear if this is a blocking of germination of cells which remain viable or a decrease in viability. D-Galacturonic acid and D-glucuronic acid (not shown) both gave high rates of encystment, but D-glUCUrOniC acid in contrast to D-galacturonic acid failed to induce germination. Higher concentrations were required to achieve these maxima and between 50 and 300 pg pectin ml-' was more effective. There was no evidence of cell lysis at high concentrations of either D-galacturonate or D-glucuronate.
Eflect of external Ca2+
It has been established that Ca2+ alone, in mM concentrations, induces encystment and germination in P . cinnamomi zoospore populations (Byrt et al., 1982a) and that encystment is induced at lower Cat+ concentrations if either K+ or A23187 is present (Irving & Grant, 1984b ). It has also been shown that Cat+ in high concentrations (mM and above) induces encystment in P . palmivora zoospores (Tokunaga & Bartnicki-Garcia, 1971 ) and we have confirmed these observations (Irving et al., 1984) . It is therefore possible that pectin induces encystment by causing an influx of external Ca2+ ions, entering through channels opened by pectin action on the zoospore membrane. When P. palmivora zoospores were released into 50 p~-E G T A , i.e. the sporangia were brushed into 50 PM-EGTA in BES buffer, and then incubated in 35 PM-EGTA, pectin addition still induced encystment and germination. There was no observable difference between cells released into and stimulated in EGTA, and those released into and stimulated in buffer alone. At these concentrations EGTA alone had no effect on the cells. However, higher concentrations of EGTA (1 00 p~ and above) caused cells to undergo slow lysis. At 1 mM-EGTA, lysis was completed within 20min. EDTA, which chelates both Mg2+ and Ca2+ rather than discriminating in favour of Ca2+, caused lysis in 20min at concentrations above 0.1 mM.
When the Ca2+ concentration exceeded 50 p~ the effectiveness of pectin as an accelerator of encystment was greatly reduced (Fig. 5 ). Calcium itself had no effect on the encystment of the population of cells over the range of concentrations used in this experiment. Increases in the Ca2+ concentration also blocked the capacity of other uronic acid-containing compounds to act as accelerators of encystment, though polygalacturonate required 100 pM-Ca2+ before the effect was fully removed (Fig. 6) .
This blocking of uronate induced encystment and germination by ions other than Ca2+ was examined. The monovalent cations Na+ and K+ had no effect. Both Sr2+ and Ba2+ partially inhibited the action of pectin. However, Sr2+ alone, at l 0 0 p~, caused the same degree of encystment as observed with Sr2+ plus pectin. It is possible therefore that Sr2+ was as effective as Ca2+ in blocking the effect of pectin. Ba2+ also induced considerable encystment when added alone but also partially inhibited the pectin-induced encystment, while both Mn2+ and Mg2+ did not inhibit pectin-induced encystment, but induced some encystment themselves (Table 1) .
DISCUSSION
The results presented in this paper show that P . palmivora zoospores respond to pectin by encysting and germinating. In this they resemble the zoospores of P . cinnamomi used in our earlier studies (Byrt et a/., 1982b; Irving & Grant, 1 9 8 4~) .
It has been reported that pectin at 300 pg ml-' induces lysis of P . injestans zoospores (Garas & Kuk, 1981) , so it is possible that polyuronates as a group affect zoospores of many members of the genus. The high degree of synchrony and the rapidity of the response is similar to that observed when Phytophthora zoospores encounter the surface of host plant tissues. It is in clear contrast to the behaviour of zoospores in buffer or distilled water, which encyst and germinate over a 2 h period in a highly asynchronous manner. Although in the strict sense pectin and related compounds only accelerate a process which takes place slowly in their absence, the synchrony which is imposed justifies the term induction. This suggests that citrus pectin is sufficiently similar in its structure to the surface carbohydrates of plants to mimic them. Although the detailed structures of these materials, particularly the root slimes, are not completely known, they are rich in uronic acid residues (Wright & Northcote, 1974; Kato, 1982; Ralton et al., 1982) . The capacity to respond to these ubiquitous compounds is consistent with the broad host ranges of these two species of Phytophrhora (Zentmyer, 1980; Chee, 1974) and their capacity to encyst and germinate even on the surfaces of non hosts such as sedges (Phillips & Weste, 1984) .
Neither poly-L-glutamate, poly-L-aspartate nor single L-amino acids were effective in inducing zoospore encystment and germination and therefore a carboxyl group alone is not sufficient. Since agar, a sulphate and pyruvate substituted a( 1+4) linked galactan (McCandless & Craigie, 1979) was also ineffective, the inference is that both carboxyl and sugar structures are required for induction.
Pectins are complex molecules with molecular weights of 50-100000. Their essential feature is a backbone of a( 1+4) linked galacturonate residues interrupted by L-rhamnose units. Neutral sugars are present as side chains and many of the uronic acid residues are methylated (Jarvis, 1984) . The structure of citrus pectin is known to conform to this general structure (Aspinall et a/., 1968). Polygalacturonates have a similar structure but lack the methyl ester groups. Since they are effective inducers, esterification cannot be a requirement. Alginates are block polymers of Dmannuronate and L-guluronate, lacking both side chains and methylation (Haug, 1974) . Their effectiveness as inducers suggests that it is the uronic acid residue which is important. The activity shown by both D-galacturonate and D-glucuronate supports this view. However, since there are differences between these various uronate containing compounds, particularly in their effectiveness as inducers of germination, there is a distinct possibility that the complex uronate containing root slimes and surface carbohydrates may be effective at lower concentrations than these relatively simple compounds. It is also possible that different plant surface carbohydrates may induce encystment and germination with varying degrees of effectiveness.
Since pectin induced encystment takes place in zoospores which have never been exposed to Ca'+ concentrations greater than 1 0 -l O~ (based on the dissociation constant of the EGTA complex) pectin cannot act by inducing a Ca2+ influx from the suspension medium. In this respect P . palmivora differs from P . cinnamomi which is more responsive to external Caz+ (Byrt et a/., 1982a , Irving & Grant, 1984b . When Ca2+ is present at 5 0 p~ it blocks pectin-induced encystment and at 100 pM-Ca'+ none of the uronates tested induced encystment. From the stability constants for the D-galacturonate-Ca'+ complex (Rees, 1975) we calculated that at 50 pM-Ca'+ and 3 mM-D-galacturonate the concentration of the complex is 9 pM. Therefore calcium does not act by reducing the available galacturonate and must either itself, or as the complex, act as an antagonist to the free galacturonate. Either interpretation infers the presence of specific uronate binding sites on the zoospore surface.
Hinch & Clarke (1980) suggested that L-fucose binding sites were present on P . cinnamomi zoospores on the basis of studies with L-fucose-binding lectin. They proposed that these fucose binding sites were responsible for specific adhesion of the zoospore to the plant surface. Our model differs in that we propose the existence of uronic acid binding sites and suggest that the ligation of uronic acids to these sites initiates encystment. If the fucose-binding lectin used in Hinch & Clarke's experiments prevented contact between zoospore and uronate residues on the plant cell surface we would expect encystment to be inhibited. This in turn would limit adhesion, since zoospores of Phytophthora exhibit promiscuous adhesion once encystment has been initiated (Sing & Bartnicki-Garcia, 1975) .
Uronate-induced transformation of zoospore to cyst and cyst to germling has many points of resemblance to stimulus-mediated secretion as observed in certain animal cells. If this analogy proves to be correct, it can be anticipated that not only will it prove to be possible to isolate specific uronate binding sites from the zoospore, but that other similarities such as the hydrolysis of phosphatidyl inositol phosphates and the activation of highly specific protein kinases will be found to be features of zoospore encystment. 
